The proline-rich homeodomain (PRH) protein, also known as hematopoietically expressed homeobox (HEX), belongs to a family of transcription factors that regulate development. In mice, PRH is essential for the development of the embryonic forebrain, thyroid, lungs, and liver and is expressed in the adult thyroid, lungs, and liver (6, 28, 43) . Gene targeting studies with mice identified PRH as being among the earliest genes required for liver development (22, 43, 47, 65) . PRH belongs to the subset of homeobox genes that are expressed in adult tissues (33, 41) and that play a major role in the regenerative processes of vascularization and hematopoiesis (2, 15, 27, 46, 60) . Within the hematopoietic compartment, PRH is expressed in pre-B cells and myeloid and erythroid cells, but not in T-cell lineages (5, 7, 14, 40, 42) . PRH is expressed preferentially in myelocytes and hepatocytes during liver injury and regeneration (1, 24, 48, 57) . It is remarkable that these same liver, vascular endothelial, and hematopoietic cells are the major target cells for hemorrhagic fever viruses (55) .
The infection of primates with the WE strain of lymphocytic choriomeningitis virus (LCMV-WE) leads to a disease resembling Lassa hemorrhagic fever in human beings (38) . LCMV infections often involve several systems, e.g., the central nervous system, the respiratory system, and the hematopoietic system (11) , but the liver is the site of the highest rate of virus replication (26, 38) and the most prominent necropsy finding in LCMV-WE-infected monkeys and Lassa fever patients (38, 44) .
Although there is insufficient histological damage in the liver to account for fatality, liver-derived molecules affect hematopoiesis and coagulation, and thus, small hepatic malfunctions have systemic consequences (1, 39, 65) .
We used an experimental monkey model to study the molecular basis of hematopoietic failure and liver disease after LCMV-WE infection (38, 39, 50) . Our working hypothesis is that virulent arenaviruses cause liver dysfunction by inhibiting physiological repair processes. An acute arenavirus infection is accompanied by liver cell proliferation, similar to the response after hepatectomy (39) . Our experiments for this study revealed the inhibitory effect of viral infection on PRH expression, which is needed for differentiation and repair in both liver and hematopoietic systems.
Although the studies described here used liver cells, they follow previous studies of myeloid cells that linked PRH suppression to the control of cellular proliferation. PRH has direct effects on transcription (57) , but its ability to regulate posttranscriptional events impacts cell division (62) . Like several other homeodomain proteins, PRH interacts directly with nuclear eukaryotic initiation factor 4E (eIF4E) to suppress the eIF4E-mediated transport of cyclin D1 mRNA (62) . The down-regulation of PRH activates eIF4E-mediated mRNA transport and initiates cellular proliferation. Elevated eIF4E is found in many human malignancies, including primary leukemias and lymphomas, and indicates a proliferative state (56, 61) . The proliferative state precludes maturation and results in the accumulation of undifferentiated cells, e.g., immature B cells accumulate in Hex knockout mice (7) , and liver development stops in Hex-negative embryos and chimeric mice (6, 24, 28, 43) . Homeodomain proteins such as PRH may be critical targets for viruses that affect major organ systems.
Arenaviruses are bisegmented negative-strand RNA viruses that encode five proteins, including a nucleocapsid protein (NP), two envelope glycoproteins (GP-1 and GP-2), an RNA polymerase (L protein), and a small zinc-binding protein (Z protein) (55) . The Z protein binds zinc through its RING domain, which is highly conserved among the arenaviruses (10, 17) and is involved in virus structure, replication, and assembly (20, 25, 36, 53, 54) . Yeast two-hybrid and coprecipitation analyses demonstrated that the viral Z protein binds PRH (59) . For this study, we used two viral strains and reassortants that contain a genome segment from each strain in order to map the PRH-suppressing effects to the large genome segment (encoding the Z protein and the polymerase).
For the present study, we examined the subcellular localization, expression, and function of PRH in hepatic cell lines and in monkey livers infected with virulent and nonvirulent isolates of LCMV. Our results show that the viral suppression of PRH coincides with the liver disease observed during arenaviral hemorrhagic fever and that this suppression provides a likely disease mechanism.
MATERIALS AND METHODS

Virus stocks and virus titration.
Isolates of the arenaviruses LCMV-ARM (Armstrong 53b strain) and LCMV-WE were plaque purified and stored at 10 7 to 10 8 PFU/ml. The reassortant viruses WE/ARM (carrying the L segment of WE and the S segment of Armstrong) and ARM/WE (carrying the L segment of WE and the S segment of Armstrong) were also plaque purified and were stored at 2 ϫ 10 7 and 5 ϫ 10 6 PFU/ml, respectively (49) . All virus stocks were titrated by plaque assays on Vero E6 cells as described previously (50) . To assess virus production in hepatic cells, we plated cells at 2 ϫ 10 5 /well in six-well plates for 5 h at 37°C and then infected them with virus at a multiplicity of infection of 1 PFU per cell. At various times, the culture medium was freeze-thawed and centrifuged to remove cell debris. The supernatants were serially diluted, and virus titers were determined by a plaque assay on Vero E6 cells and were expressed as PFU per milliliter of supernatant.
Rhesus macaques, LCMV inoculations, and collection of blood and tissue. Animals were inoculated intravenously with 10 3 PFU of the benign LCMV-ARM or with a lethal dose of LCMV-WE (10 3 PFU) as previously described (38) . Blood samples and liver biopsies were obtained from infected animals, and tissue samples were obtained at necropsy. Biosafety and animal use protocols were approved by University of Maryland internal review boards and were compliant with the American Veterinary Medicine Association Panel on Euthanasia. Paraffin-embedded liver samples were used for the immunohistochemical localization of vascular endothelial growth factor (VEGF), PRH, Ki-67, or viral antigen. Both blood and liver specimens were used for total RNA and protein isolations as described below.
Cell culture. Human hepatoma Huh7 (American Type Culture Collection, Rockville, Md.) and HepG2 (ATCC HB-8065) cells were maintained in minimal essential medium (GIBCO-BRL, Grand Island, N.Y.) supplemented with penicillin G (100 U/ml), streptomycin (100 U/ml), glutamine (2 mM), and 10% heat-inactivated fetal bovine serum (FBS) at 37°C in a humidified atmosphere of 5% CO 2 . Vero E6 cells were cultivated in Dulbecco's modified Eagle's medium (GIBCO-BRL) supplemented with 10% FBS, penicillin (100 U/ml), streptomycin (100 U/ml), and L-glutamine (2 mM). Peripheral blood mononuclear cells were purified from EDTA-treated blood of monkeys on Ficoll-Hypaque and then were cultivated in six-well culture plates in RPMI 1640 with 10% fetal calf serum. Cell lines were also plated in 12-well plates (10 5 cells/well) for transient transfections and ␤-galactosidase expression assays or in T25 flasks (2 ϫ 10 6 cells/flask) for the isolation of total cell extracts and RNAs. Normal human hepatocytes were obtained from Clonetics (Gaithersburg, Md.) and were cultivated according to the manufacturer's protocol. For cell growth experiments, 2 ϫ 10 5 cells per well were plated in six-well plates in minimal essential medium with 10% FBS and then were counted. Cells were grown on coverslips for immunofluorescence analysis.
Immunofluorescence and laser scanning confocal microscopy. Microscopy was performed as described previously (13, 60) . Briefly, hepatic cells grown on coverslips were rinsed two times in 1ϫ phosphate-buffered saline (PBS; 9.1 mM dibasic sodium phosphate, 1.7 mM monobasic sodium phosphate, 150 mM NaCl, pH 7.4). Adherent cells were fixed either by submersion in 100% acetone at room temperature for 1 min or by exposure to 3.7% paraformaldehyde at room temperature, followed by permeabilization with blocking buffer (10% fetal bovine serum and 0.1% Tween 20 in 1ϫ PBS). Both fixation protocols gave identical results. After blocking, the coverslips were incubated with primary antibodies diluted in blocking buffer for 2 h at room temperature. The primary antibodies were affinity-purified rabbit anti-PRH (1:50), affinity-purified rabbit anti-Z (1:50), mouse monoclonal anti-eIF4E (1:20; Transduction Laboratories), and mouse monoclonal anti-promyelocytic leukemia protein or PML (MAb 5E10; 1:20). After incubation with primary antibodies, the cells were washed three times with 1ϫ PBS and then probed with secondary antibodies diluted in blocking buffer for 1 h at room temperature. The secondary antibodies were fluorescein isothiocyanate (FITC)-conjugated donkey anti-rabbit (Dakopatts, Stockholm, Sweden, or Jackson Laboratory, West Grove, Pa.), Texas Red-conjugated donkey anti-rabbit (Dakopatts), FITC-conjugated donkey anti-mouse, and Cy5-conjugated donkey anti-mouse (Jackson Laboratory). For triple PML-Z-PRH staining, we used Cy5-conjugated, affinity-purified rabbit anti-PRH diluted in blocking buffer (1:20) overnight at 4°C. Later, the antibody was conjugated by the use of a FluoroLink Antibody Cy5 labeling kit (Amersham) according to the manufacturer's instructions. After incubation with secondary antibodies, the cells were washed three times with 1ϫ PBS, dried, mounted in Vectashield mounting medium with DAPI (4Ј,6Ј-diamidino-2-phenylindole; Vector Laboratories), and sealed.
Fluorescence was observed at a magnification of ϫ100 with a zoom of 2, unless indicated otherwise, under a Leica TCS-SP (UV) confocal microscope with excitation at 488, 568, 633, or 351/364 nm. All channels were detected separately, with no cross talk between channels. Micrographs represent single sections with a thickness of 300 nm. Each confocal microscope experiment was performed at least twice, and the number of cells in each sample exceeded 500. Images were overlaid in Photoshop and enlarged for counting of the PML, PRH, and Z bodies found within each nucleus and for recording of the percentages of bodies that colocalized. One can distinguish whether one or both antigens are present by overlaying confocal microscope images: nuclear bodies that contain only one antigen stain red or green, and nuclear bodies that contain both antigens appear yellow.
Immunohistochemistry to detect VEGF and PRH antigens in tissues. Immunohistochemistry was performed as previously described (39) . Briefly, formalinfixed, paraffin-embedded tissue sections were deparaffinized, unmasked with heat, blocked with normal human serum, and incubated with anti-human VEGF (R&D Systems, Minneapolis, Minn.) (1:200 dilution) or affinity-purified anti-PRH (HEX, or P-21; Santa Cruz Biotechnology, San Diego, Calif.) (1:100 dilution). Hyperimmune guinea pig serum (1:50 dilution) was used as a primary antibody to detect LCMV antigens. Ki-67 is a nuclear antigen that marks cells undergoing division (39), so we used polyclonal rabbit anti-Ki-67 (Zymed, San Francisco, Calif.) at a 1:50 dilution to detect proliferating cells. Sections were washed in PBS and incubated for 1 h at room temperature with a biotin-labeled goat anti-guinea pig or goat anti-rabbit serum (Sigma Chemical Co., St. Louis, Mo.). Secondary antibodies were visualized with streptavidin-conjugated peroxidase according to the manufacturer's recommendations for use of a cell and tissue staining kit (R&D Systems).
RT-PCR analysis. Total RNAs were prepared from infected or uninfected hepatic cells (a maximum of 2 ϫ 10 6 cells) or from 50 to 100 mg of liver tissue. Cultured cells were subjected to Trizol extraction (GIBCO-BRL), whereas tissues were homogenized by the use of 16-ml glass tissue grinders (VWR, Bridgeport, N.J.) and then were extracted with Trizol. A Qiagen RNase-free DNase supplement kit was used to ensure that the RNAs had no DNA contamination. RNA quantities were determined by measuring the absorbance at 260 nm. Amplification of the first cDNA was performed and analyzed by real-time PCR as described previously (18, 38) . In this study, we show for the first time that the rhesus PRH gene can be amplified by the use of human PRH gene primers (GenBank accession no. L16499) (5Ј-AGGAAAGGCGGCCAGGTGAG-3Ј and 5Ј-TTATTGCTTTGAGGGTTCTCCTG-3Ј). Specific primer pairs for the LCMV-WE glycoprotein (covering nucleotides 55 to 73 and 342 to 323; GenBank accession no. M22138) and the LCMV-ARM glycoprotein (covering nu-cleotides 118 to 137 and 364 to 344; GenBank accession no. M22138) were designed to discriminate the possible cross-contamination of viral RNA. Primers for a housekeeping gene, human glyceraldehyde-3-phosphate dehydrogenase (GAPDH; GenBank accession no. M17851) (sense strand, 5Ј-GTTGCCATCA ATGACCCCTTCATTG-3Ј; antisense strand, 5Ј-CAGCCTTCTCCATGGTGG TG-3Ј), were used to control for the integrity and amount of RNA in each sample. Oligonucleotide primers that anneal to 18S rRNA served as an additional internal control. Reverse transcription-PCR (RT-PCR) products were analyzed by 1% agarose gel electrophoresis.
The level of PRH mRNA was evaluated by the use of SYBR green technology, and amplification plots were expressed as C T values to be analyzed with 5700 SDS software (Perkin-Elmer Systems). The C T is the reaction cycle at which PCR products or amplicons reach a threshold level of detection: the lower the C T value, the more abundant the substrate. C T values were normalized by using GAPDH or rRNA 18S amplicons as standards. Dissociation analysis of the PCR products was used to confirm specificity.
Western blot analysis. Guinea pig polyclonal anti-LCMV and rabbit anti-Z antibodies were produced as described previously (54) . For Western blot analysis, 3 ϫ 10 6 cells were lysed in 0.5 ml of lysis buffer (PBS containing 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and protease inhibitors). Each sample was sonicated to reduce its viscosity. Western blot analysis was performed according to standard procedures (23) . For each lane, 30 g of protein (8 ϫ 10 4 cell equivalents) was fractionated by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis, followed by Coomassie blue staining or semidry electroblotting onto a polyvinylidene difluoride membrane (Millipore). Membranes were blocked with 5% (wt/vol) nonfat milk for 30 min at room temperature. Guinea pig polyclonal anti-LCMV or mouse anti-PML antibodies and affinity-purified anti-PRH antibodies were diluted 1:1,000 in Tris-buffered saline (TBS) containing 0.2% (vol/vol) Tween 20 and were used as primary antibodies. Blots were incubated with primary antibodies overnight at 4°C and were then washed twice in TBS-Tween. The secondary antibody, which was a 1:10,000 dilution of anti-mouse immunoglobulin G (IgG) or anti-guinea pig IgG conjugated to horseradish peroxidase (Sigma), was incubated with blots for 60 min. Blots were washed twice in TBS-Tween and then visualized by enhanced chemiluminescence (Pierce). Band intensities were measured by densitometry on a densitometer and were analyzed with ImageQuant software (Molecular Dynamics, Sunnyvale, Calif.).
Plasmid constructs and transfections. Plasmids containing the full-length LCMV-ARM, LCMV-WE, and Lassa Z open reading frames were constructed by ligating virus-derived cDNAs into pCRII (Invitrogen, Carlsbad, Calif.) and then excising them with HindIII and XhoI for subcloning into pcDNA3 (Invitrogen). The plasmid pGFP (Invitrogen), from which a green fluorescent protein (GFP) reporter gene can be expressed from a cytomegalovirus (CMV) promoter (pGFP) in pCDNA3, was used as a transfection control. For assays of PRH transcription function, we used the plasmid p4ϫHRE-␤GAL, containing four copies of the PRH/HEX response element (HRE), as previously described (16) . The HRE was derived from the promoter of the sodium-dependent bile acid transporter (ntcp) gene. Thus, the plasmid used to assess the PRH transcription function consisted of the ntcp promoter and the reporter gene encoding ␤-galactosidase (␤-Gal).
Cells were transfected at 50% confluence by use of the GenePORTER reagent as specified by the manufacturer (Gene Therapy Systems, San Diego, Calif.). Briefly, cells were transfected with 0.5 g of plasmid for 24 h at 37°C and then were infected for the times indicated in the figure legends. Data are given as means Ϯ standard errors of at least three independent experiments, each of which was performed in duplicate wells.
Assay of PRH function. The bile acid transporter (ntcp) gene promoter is a target of PRH and is thus a useful tool for evaluating its function. To determine whether LCMV infection affects PRH functions, we assayed infected hepatic cells that had been transfected with reporter constructs for ␤-Gal expression. HepG2 cells were grown in 12-well plates (2 ϫ 10 5 cells/well) for transient transfections and ␤-Gal expression assays. The cells were transfected, as described above, with 500 ng of p4ϫHRE-␤GAL or a control plasmid, pGL3 (containing a simian virus 40 promoter and ␤-Gal; Promega, Madison, Wis.). Total protein aliquots were stored at Ϫ70°C until they were assayed. ␤-Galactosidase assays were done according to the manufacturer's instructions (Promega). The amounts of cell extracts used for activity assays were adjusted for the optimal assay range of ␤-Gal activity.
RESULTS
Virulent LCMV-WE and nonvirulent LCMV-ARM replicate similarly in hepatic cell lines. Our experimental approach was to document viral effects on PRH expression, localization, and function. To relate these events to hepatic disease, we compared the effects of virulent and nonvirulent strains of LCMV. Virulence was operationally defined as the ability to cause acute disease in guinea pigs and primates. It was first necessary to determine whether primary liver cells and hepatic cell lines were similarly capable of supporting virus replication. Cell growth rates (not shown) slowed down in the same way upon infection by either virus, and virus production ( Table 1) was supported by all hepatic cells infected with either LCMV-WE or LCMV-ARM.
Primary hepatocytes, isolated by proteolytic digestion of cadaver tissues, were too traumatized to be used for most cell culture studies. The virus titration experiments were replicated several times to confirm that the replication of LCMV-WE was slightly higher in primary liver cells than the replication of LCMV-ARM. The phenomenon we described for liver cell lines (cell cycle perturbation by the virus) was overwhelmed in . The last data column is for liver tissue taken at necropsy (days 11 and 12 after infection) from monkeys infected with LCMV-ARM or LCMV-WE. All data represent averages of at least two independent titration experiments, and the variation was within 1 order of magnitude.
b The numbers of PFU per milliliter were determined from the medium surrounding hepatic cell cultures. The amount of cell-associated virus was Ͻ10%, so only the amount of released virus in the medium is shown. Virus-containing medium was titrated on Vero cell monolayers at six different dilutions, as described in Materials and Methods.
c Viruses in liver tissue were titrated on Vero cell monolayers. Table 1 to compare titers of WE and Armstrong in monkey liver tissues were derived from matched animals. Infection with LCMV-WE causes PRH to disappear from hepatic nuclei. PRH functions in the nucleus as a transcription factor and a suppressor of eIF4E-mediated mRNA transport (21, 61, 62) . To determine whether virus infection affects PRH, we infected human hepatic cell lines with virulent LCMV-WE or nonvirulent LCMV-ARM for 24, 48, and 72 h. Confocal microscopy was used to differentiate between nuclear and cytoplasmic localizations of PRH. The virulent LCMV-WE infection altered PRH distribution and reduced its signal similarly in two human hepatic cell lines, HepG2 and Huh7 cells (Fig. 1) . Both cell lines were stained with an affinity-purified antibody to monitor endogenous human PRH bodies. Staining for PML and eIF4E served as a contrast for PRH staining in our confocal studies, as PML and/or eIF4E sometimes colocalized with PRH. Uninfected cells showed the punctate nuclear pattern that is characteristic of PML staining and had punctate and diffuse nuclear and cytoplasmic staining, respectively, for PRH. As reported previously (62) , most of the PRH nuclear structures colocalized with PML/eIF4E bodies. For PML staining, there was a dramatic difference between the punctate (nuclear) appearance in the top three panels (Fig.  1A) and the more diffuse (cytoplasmic) staining in the bottom panel, showing that both viral infections equally affected PML bodies in HepG2 and Huh7 hepatic cell lines, as previously observed for infected fibroblasts (10) . Neither infection with LCMV-WE nor infection with LCMV-ARM affected the distribution of eIF4E bodies, which is consistent with our previous findings (12) .
LCMV-WE reduced the expression of nuclear PRH and dispersed PRH bodies at the same rate in HepG2 and Huh7 cells. There were no differences in PRH staining between un-FIG. 2. The L segment of LCMV-WE controls the disappearance of PRH from liver cell nuclei. HepG2 cells were infected with LCMV reassortants (ARM/WE or WE/ARM) as described in Materials and Methods. The cells were stained with anti-Z (green) and anti-PRH (red) or anti-PML (blue). All cells were counterstained for DNA with DAPI. The effects of reassortant viruses on PRH expression and localization were determined by confocal microscopy. Hepatic cells infected with LCMV carrying the L RNA segment of WE had the same disruptive effects on PRH distribution as those infected with LCMV-WE (WE/WE) (similar to Fig. 1A and B) . However, the hepatic cells infected with LCMV carrying the L RNA segment of ARM had no effect on the subcellular distribution of PRH (similar to Fig. 1) . Magnification, ϫ300. The overlay is shown in yellow (OV), and the overlay of DAPI staining is designated OVϩDAPI. FITC and Texas Red channels were recorded independently.
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infected cells and cells infected with LCMV-ARM for 24, 48, or 72 h. After 72 h of infection, Ͻ10% of LCMV ARMinfected cells had lost PRH staining in the nucleus. In contrast, 100% of WE-infected cells had lost nuclear PRH by 72 h (Fig.  1) . Both LCMV-WE and LCMV-ARM caused a redistribution of PML from nuclear bodies to diffuse/punctate cytoplasmic staining, as previously reported for fibroblasts (10, 29) . Thus, PRH redistribution and PML redistribution were unlinked and were affected by different mechanisms. The Z protein is associated with PRH bodies in cells infected with LCMV. We demonstrated previously by yeast twohybrid analysis and immunoprecipitation that PRH can bind the arenavirus Z protein (58) . In order to demonstrate this association in situ, we grew hepatic cells on coverslips and infected them as described in Materials and Methods. Infected cells were stained with an affinity-purified LCMV-Z antibody, giving a staining pattern similar to that for PML, with predominant punctate cytoplasmic staining and some nuclear staining (Fig. 1B and C and Fig. 2 ). Double-staining experiments indicated that the PRH and Z bodies were colocalized. After 48 h of infection with LCMV-WE, almost all of the PRH was found in the cytoplasm and colocalized with the Z protein. LCMV-ARM-infected cells were indistinguishable from uninfected controls ( Fig. 1 and 2 ). In addition to the diffuse cytoplasmic and nuclear distribution, there were distinct PRH bodies that remained associated with eIF4E bodies in the nuclei of control cells. Some of these structures were colocalized with Z (yellow in the overlay) throughout the time course. Yeast two-hybrid (59), coprecipitation (59; M. Djavani, unpublished), and now microscopy analyses have all indicated that PRH interacts with the Z proteins of both LCMV-WE and LCMV-ARM, yet PRH was disrupted only in cells infected with LCMV-WE.
The ability to disrupt nuclear PRH bodies maps to the large (L) segment of LCMV-WE. Arenaviruses have two genome segments, the large (L) and small (S) segments, that can be interchanged between strains to form genetic reassortants. To determine which viral genome segment is responsible for the PRH-disrupting phenotype, we infected hepatic cells with reassortants containing the L segment of ARM and the S segment of WE (ARM/WE) or the L segment of WE and the S segment of ARM (WE/ARM). Cells were grown on coverslips and infected as described in Materials and Methods. The effect of reassortant viruses on PRH expression was determined by confocal microscopy (Fig. 2) . HepG2 cells infected with FIG. 3 . Cells transfected with the Z gene alone do not down-regulate or relocate PRH but do relocate PML. As described previously for infected fibroblasts, the Z protein alone, even if it is derived from a nonvirulent virus, can relocate PML (9 (Fig. 1) . However, cells infected with LCMV carrying the L RNA segment of ARM had no effect on the subcellular distribution of PRH (Fig. 2) . Therefore, genes carried on the LCMV L RNA segment of WE (and not that of ARM) were responsible for PRH suppression and redistribution.
Hepatic cell lines transfected with the Z genes of Lassa virus, LCMV-WE, and LCMV-ARM were not depleted of PRH.
To determine whether expression of the Z gene alone could suppress the expression of PRH, we transfected HepG2 cells with plasmids expressing the Lassa Z protein, the LCMV-WE Z protein, or the LCMV-ARM Z protein. All transfected cells expressed PRH equally well and retained PRH bodies in their nuclei (Fig. 3) .
PRH mRNA and protein as well as PRH function are diminished in hepatic cells infected by LCMV-WE. Quantitative real-time PCRs were done with cDNAs from uninfected cells, LCMV-ARM-infected cells, and LCMV-WE-infected cells to determine whether PRH mRNA or protein levels were changed by infection. The expression of PRH mRNA relative to that of ribosomal 18S rRNA or GAPDH mRNA was assessed at various times after the infection of cultured hepatic cells. PRH mRNA was down-regulated after LCMV-WE infection, while it remained unchanged after infection with LCMV-ARM (Fig. 4) .
To determine whether a virus infection of hepatic cells modulates the expression of the PRH protein, we grew cells and infected them with one of the two viruses. Protein extracts from equal numbers of uninfected and infected cells were compared by Western blotting to measure the steady-state levels of PRH. PRH was down-regulated during LCMV-WE infection and remained unchanged after LCMV-ARM infection (Fig. 5A) . Chemiluminescence was detected by scanning with a phosphorimager (Molecular Dynamics) and was analyzed with ImageQuant software (Molecular Dynamics) to compare band intensities for host proteins and human ␤-actin standards (Sigma). The area quantitation report derived from these scans was used to compare the relative amounts of the proteins. To determine whether virus infection of the monkey liver modulates the activity of eIF4E, we probed for VEGF, a protein controlled by eIF4E at the level of translation (31) . VEGF was expected to have increased expression when eIF4E was released from PRH suppression. As expected, and in contrast to PRH, VEGF was upregulated in LCMV-WE-infected livers but not in LCMV-ARM-infected livers (Fig. 5B) .
To investigate whether transcriptional regulation by PRH was altered, we used the reporter plasmid p4ϫHRE-␤GAL containing the HRE derived from a bile transporter gene (nctp). HepG2 cells were transfected with reporter plasmids for 24 h and then mock infected (incubated with medium) or infected with virulent LCMV-WE or nonvirulent LCMV-ARM for 24, 48, or 72 h. LCMV-WE infection had decreased ␤-Gal activity compared to uninfected controls or LCMV-ARM infection (P Ͻ 0.05). The parent vector, pGL3, has a simian virus 40 promoter driving the expression of a ␤-galactosidase reporter gene and was used to transfect control cells. The ␤-Gal stimulation paralleled endogenous PRH expression in HepG2 cells. An inhibition of ␤-Gal activity was expected because LCMV-WE down-regulated PRH expression after 48 h of infection. Indeed, LCMV-WE decreased ␤-Gal expression approximately fivefold in HepG2 cells, suggesting a suppression of PRH function. In contrast, there was a two-to threefold stimulation of ␤-Gal expression in cells infected with LCMV-ARM compared to control transfected cells (Fig. 6) . These results indicate that a nuclear function of PRH, i.e., transcription activity, was diminished by LCMV-WE infection of hepatic cells.
PRH RNA and protein were reduced in LCMV-WE-infected rhesus macaque livers. To determine the effects of LMCV-WE on PRH levels in vivo, we examined PRH mRNA levels in liver samples from monkeys sacrificed during the first few days of an acute infection. PRH mRNA was measured in relation to the internal standards GAPDH and 18S rRNA ( Table 2) . PRH mRNA levels in livers dropped approximately fourfold during the disease.
We examined PRH protein expression in livers from healthy and virus-infected rhesus macaques. In uninfected or LCMV-ARM-infected rhesus livers, the PRH protein was expressed abundantly, but in LCMV-WE-infected tissues, positive immunostaining was reduced (Fig. 7, top row) . Liver slices from diseased and nondiseased monkeys showed that a high level of Table 2 , describing PRH mRNA levels in infected monkeys.
Ki-67 staining, which is indicative of cellular proliferation, coincided with low PRH levels (Fig. 7, bottom row) . These results were consistent with data obtained by Western blotting of infected hepatic cell lines (Fig. 5A) , indicating that LCMV-WE infection lowered the steady-state levels of PRH.
DISCUSSION
Previous studies revealed an association between the arenavirus Z protein and the host homeodomain protein PRH: immunoprecipitation studies and yeast two-hybrid analyses using the viral Z protein as bait showed that an intact RING (zincbinding) domain was needed for Z-PRH interactions (59) . Even though Z proteins from both virulent and nonvirulent viruses could bind PRH (59), only virulent virus infections down-regulated PRH. Since cells expressing only Z do not down-regulate PRH, it is likely that viral genes in addition to the Z gene are needed for this effect.
Arenaviruses have a large (L) and a small (S) genome segment. It has long been known that the genes on the L segment control the virulence of the Old World arenaviruses (18, 49) . We used reassortant viruses containing the L segment of the virulent virus and the S segment of the nonvirulent virus and visa versa to show that the ability to suppress PRH can be mapped to the large genome segment. Since the L segment encodes both the viral Z protein and the viral polymerase, we checked whether the level of virus replication could contribute to the PRH-suppressing phenotype. Since the virulent and nonvirulent viruses replicated similarly in two hepatic cell lines (HepG2 and Huh7), simple growth kinetics did not account for the effects on PRH. However, in humans and in a monkey model, arenavirus virulence has always been associated with high virus loads in the liver (38, 39, 44) . This may reasonably be attributed to the viral polymerase that is also encoded on the L segment, since small changes in its activities could become more apparent in vivo. Furthermore, it is known that the Z protein binds and coprecipitates with the polymerase (25; M. S. Salvato et al., unpublished data), so it would be reasonable to Infected monkey liver sections were subjected to immunohistochemistry to detect the expression of VEGF, which is controlled at the level of translation by eIF4E (30) . The liver section on the left expressed little VEGF and was from a monkey infected with LCMV-ARM, whereas the section on the right expressed higher steady-state levels of VEGF and was from a monkey with LCMV-WE-mediated disease. Real-time quantitative PCRs of liver mRNAs from these monkey tissues revealed a three-to sevenfold increase in VEGF mRNA in diseased tissue. From previous studies and our observations of 14 intravenously infected monkeys in this study, the liver appears to be the site of the highest rate of virus replication for LCMV. This is not true for all species or inoculation routes. In a previous publication (38) , we showed that high virus titers can also occur in the spleen, but we did not elaborate on the point that virus titers failed to correlate with virus replication. Spleen tissue was consistently negative for in situ hybridization and had low levels of infectious centers compared to liver tissue (M. Djavani, unpublished data); thus, the spleen may have trapped infectious particles (most likely on B-cell receptors), but very few of them were replicating. Although the liver shows little morphological damage, the high levels of virus replication in the liver may affect its systemic functions.
Previous studies indicated that virulent arenavirus infections of primates lead to a physiological state resembling a partial hepatectomy, i.e., a high rate of liver cell proliferation and high circulating levels of interleukin-6, tumor necrosis factor receptors, and interleukin-6 receptors (39). Ordinarily, a hepatectomy initiates liver regeneration by activating the transcription factors NF-B, Stat3, AP-1, and C/EBP beta and by increasing cell cycling (34) . PRH acts during hepatectomy to promote cellular differentiation (57) . We showed that a virulent arenavirus infection reduces the expression of PRH and presumably blocks the regenerative process.
In myeloid cell lines, PRH has been shown to promote differentiation and to inhibit proliferation by binding to the nuclear fraction of the translation factor eIF4E (61, 62) . When PRH is down-regulated, as in several primary leukemia and lymphoma cells, the block of eIF4E function is released, and it resumes the transport of certain mRNAs, such as cyclin D1, that promote cellular proliferation. PRH binds and inhibits eIF4E via a YXXXXL⌽ motif, where "X" is any residue and "⌽" is a hydrophobic residue (56) . This motif is found in 199 of 803 homeodomain proteins (in the Swiss Prot database) and is thought to control cellular proliferation and differentiation (62) . We speculate that the virus-mediated down-regulation of PRH in liver cells is similar to the down-regulation of PRH in certain types of myeloid leukemias in that decreased PRH releases eIF4E-mediated RNA transport and promotes cell proliferation.
We showed previously by using cultured fibroblasts that LCMV infection (by virulent or nonvirulent isolates) redistributes the oncosuppressor protein PML from the nucleus to the cytoplasm (10) . PML is found in all cell types and, like PRH, acts to suppress eIF4E (13, 29, 62) . Thus, PML is a general regulator and PRH is a tissue-specific regulator of eIF4E. We showed here that both viruses relocate PML but that only the virulent virus relocates PRH. Hence, it is likely that the relocation of PML is not linked to the disease mechanism and that the relocation of PRH is linked to the disease mechanism.
Several observations suggest that the disease mechanism is connected to the effects of PRH on eIF4E. In the LCMV monkey model, peak disease coincided with a drop in steadystate PRH levels (Fig. 7) and a rise in liver cell proliferation, i.e., 25 to 44% of the liver cells were dividing compared with only 2% cell division upon cessation of the disease (Fig. 7 ) (39) . The effects of PRH on eIF4E are similar to the effects of ribavirin, a nucleotide analog used to treat arenavirus disease. Ribavirin binds to the mRNA cap-binding site of eIF4E and simultaneously inhibits the mRNA transport function of eIF4E and cell proliferation (30, 32) . It is compelling that ribavirin can inhibit eIF4E at micromolar concentrations, well below the concentrations at which it affects nucleotide pools and well FIG. 6 . Virulent LCMV inhibits reporter protein activity. p4ϫHRE-␤GAL was transfected into HepG2 cells as described in Materials and Methods. Plasmids pGL-3 and pGFP were cotransfected to control for ␤-Gal activity and transfection success, respectively. Twenty-four hours after transfection, the cells were infected with LCMV-ARM or LCMV-WE for 24, 48, or 72 h. The cells were harvested, and ␤-Gal activity was measured spectrophotometrically. Each bar represents the mean value ϩ the standard deviation of triplicate measurements from two independent experiments. 
a Ctrl is a mock-infected control animal; d1 is 1 day after infection. Rh.iv3-d11 and Rh.iv6-d12 were two monkeys that were lethally infected with 10 3 or 10 6 PFU of virus and then euthanized on day 11 or 12, respectively. Although these two animals were previously described (37, 38) , the remaining animals designated Rh.iv3 have not been described. They were also healthy rhesus macaques that were intravenously infected with 10 3 PFU of virus and then sacrificed on different days after infection (d2, d3, d4, d6, or d7), as indicated by their names. c Fold inhibition, or relative quantitation (RQ ϭ 2 Ϫ⌬⌬CT ), is a quantitative measurement of real-time PCR mRNA levels in comparison with a standard. We used GAPDH and 18S RNA standards and gave the values here for GAPDH standardization, which was less dramatic and more reliable than 18S standardization.
within the range needed to reverse virus-mediated disease. Our model suggests that LCMV-WE infection blocks the eIF4E-suppressing function of PRH and that this blockage leads to liver pathology.
Our findings are consistent with those from studies of another virulent-nonvirulent pair of arenaviruses, Pichinde-P18 and Pichinde-P2 (19) . The low-passage-number virus P2 is attenuated in guinea pigs, whereas the high-passage-number stock, P18, causes a lethal disease that models Lassa fever (66) . P18 activates the transcription factor NF-B, whereas P2 inhibits NF-B activation in monocytic cell lines and in guinea pig peritoneal macrophages (19) . Since NF-B is known to activate eIF4E and to promote cell cycling (61) , it is likely that P18 (like LCMV-WE) contributes to disease by diverting host cells from differentiation to proliferation. Since both the NF-B effects and the PRH depletion are detectable days rather than hours after infection, we have still not discovered the primary triggering event. A possible trigger is replicationmediated interferon production.
The arenavirus LCMV has been implicated as a human teratogen (3, 4, 35, 45, 64) , and it would be reasonable to look for viral effects on host developmental proteins as the basis for damage to developing embryos. In rats, LCMV spreads from glial to neuronal cells and blocks the development of several brain regions (9) . In murine systems, LCMV infection has been shown to reduce differentiated cell functions, e.g., a reduction of growth hormone stunts growth (63) and a reduction of primary B-cell responses (51) or cytotoxic T-cell responses (52) leads to immunosuppression, all of which may be explained by viral suppression of cellular differentiation. Since most of these viral effects occur with both LCMV-WE and LCMV-ARM, it is likely that both viruses affect many host processes equally but that only one affects a repair process drastically enough that it registers as virulent. For example, we showed that both viruses alter the distribution of PML, which has a role in development (62) , but that only one destroys PRH and causes disease. Thus, PML is more likely to mediate teratogenic effects and PRH is FIG. 7 . During liver disease caused by a hemorrhagic fever virus, PRH decreases and cell division increases. Sections of monkey liver tissue were stained with anti-PRH (top) or an antibody to the proliferation antigen Ki-67 (bottom). The photomicrographs of an LCMV-ARM-infected liver, shown here in the left panels, are identical to pictures of an uninfected liver (not shown) and differ from the diseased liver shown in the right panels. Brown staining indicates the abundant presence of the PRH protein (arrowheads) in the healthy liver and decreased PRH during disease. The Ki-67 nuclear antigen is expressed in cycling cells and was highly expressed in the diseased liver. Ki-67 is seen in hepatocytes and not infiltrating immune cells. In a monkey that recovered from disease, we observed a decrease in Ki-67 staining upon recovery (38) . Magnification, ϫ200 (top panels) and ϫ400 (bottom panels).
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on February 23, 2013 by PENN STATE UNIV http://jvi.asm.org/ more likely to contribute to hemorrhagic fever, with both acting through their associations with cell cycle control. Since most arenavirus studies have used rodent models and since rodents are generally thought to have an immunopathogenic disease mechanism (8) , it may be difficult to relate the mechanism for primate hemorrhagic fever to murine disease mechanisms. Nevertheless, it would be worthwhile in the future to explore the effects of LCMV on Hex (murine PRH) and on developmental processes in rodent models.
In summary, our findings demonstrate the effects of LCMV on PRH gene expression in hepatic cells. Immunofluorescence studies indicated that virulent LCMV-WE disrupts PRH bodies but that PRH remains relatively unchanged during infection with a nonvirulent strain, LCMV-ARM. On a biochemical level, the PRH mRNA, protein, and function are down-regulated as LCMV-WE replicates. The LCMV Z protein, encoded by the L RNA segment, can bind PRH but cannot downregulate PRH outside the context of a viral infection. These experiments provide the first evidence of a virus that disrupts cell cycling through a homeodomain protein and may explain the effects of the virus on embryonic development and on differentiated cell functions. Our results suggest that a virulent arenavirus infection disrupts PRH function and thereby contributes to acute disease.
